striate arteries, and intact superior extremity of the central insular sulcus. We assessed these indicators to establish simple methods for identifying ideal candidates for radical resection of insulo-opercular gliomas on the basis of tumor location, appearance, and vascular involvement.
Methods

Clinical Materials
We retrospectively studied 83 patients with newly diagnosed gliomas located in the insulo-opercular region and extending to the sylvian fissure around the orofacial primary motor and somatosensory cortices but not involving the area of the hands and digits, consecutively treated by radical resection at our institution (Tohoku University Hospital) from 1997 through 2011. During this period, all patients were referred to our institution for surgical treatment, no patient received conservative treatment, and all surgeries were performed by the same neurosurgeon (T.K.). Histological diagnoses were based on the WHO classification.
11 Informed consent was obtained from each patient or guardian at the time of admission, before performance of CT or MRI with contrast medium and resection/radiotherapy/chemotherapy. This study was approved by the Tohoku University institutional review board.
Neuroimaging
All patients underwent preoperative, postoperative, and subsequent follow-up MRI at our Department of Neurosurgery. Postoperative MRI, including diffusionweighted imaging, was performed within 72 hours of surgery. MRI was performed by using a 3.0-T or 1.5-T system (GE Medical Systems) with a conventional quadrature head coil. We obtained the following images during the same scanning session without repositioning the patient's head: T1-weighted images before and after administration of gadolinium, T2-weighted images, FLAIR images, and diffusion-weighted images. Axial diffusion-weighted imaging was performed with the fat-suppressed spin echotype echo planar sequence (TR 5000 msec, TE 72 msec, 2 excitations, 6-mm thickness with 2-mm gap, 128 × 128 matrix, FOV 23 × 23 cm) with 3 orthogonal directional motion-probing gradients (b = 1000 sec/mm 2 ), followed by automatic generation of isotropic diffusion-weighted images.
A clear tumor boundary was determined to be a highintensity edge on T2-weighted images identical to the low-intensity lesion on T1-weighted images. 6 Progression was defined as an unequivocal increase in the FLAIR/T2 signal abnormality and/or newly detected areas of contrast enhancement on follow-up MR images compared with the baseline postoperative MR images obtained within 3 days after surgery. The superior extremity of the central insular sulcus was identified with sagittal MRI across the affected insular cortex and coronal MRI.
Visualization of Lenticulostriate Arteries
The lenticulostriate arteries were visualized by MR microangiography as described elsewhere.
16 3D time-offlight MRI was performed by using a 3.0-T scanner and a standard head coil. Images were acquired by using a gradient-echo sequence with contrast medium administration (0.2 ml/kg) with the following parameters: TR 35 msec, TE 1.7 msec, flip angle 25°, FOV 18 × 18 cm, matrix 512 × 256, slice thickness 0.8 mm, and total slices 232. Highintensity spots in the deep white matter, considered to represent the lenticulostriate arteries, were identified visually in cine mode.
Extent of Resection
The extent of the resection was evaluated by quantitative volumetric analysis of postoperative MR images obtained within 72 hours of surgery. If the tumor enhancement was seen on preoperative MR images, gross-total resection of the tumor was defined as resection with no residual enhanced tumor, subtotal resection as more than 75% resection, and partial resection as less than 75% resection.
8 If the tumor enhancement was not seen on preoperative MR images, resection was evaluated on the basis of the residual high-intensity lesion on T2-weighted MR images. Subtotal or partial resection was considered unsatisfactory.
Postoperative Neurological Outcomes
The postoperative neurological outcome was recorded and confirmed by retrospective review of all hospital records and physician notes. Newly detected neurological deteriorations after surgery were considered to be postoperative neurological deficits and were evaluated during the first 7 days (early) after surgery and at discharge (late). Deficits were categorized according to severity (severe or less severe) and timing of assessment (early or late), as proposed previously.
3 Radiographic lesions for patients with no neurological symptoms were not defined as surgical complications.
Statistical Analyses
Estimates of overall survival time (from initial surgery to death) and progression-free survival time (from initial surgery to disease progression) were calculated with the Kaplan-Meier method; the log-rank (Mantel-Cox) test was used to evaluate differences between the groups. Logistic regression analysis was used for univariate and multivariate analyses. To assess the relationship between the 4 surgical indicators and outcomes, we performed Cox multivariate regression analyses. Any variable with a p value of less than 0.10 by univariate analysis was considered to be a potential independent variable and was included in the multivariate analysis. A Fisher exact or chi-square test was used to compare the differences in proportions for each factor between groups. Probability values of 0.05 or less were considered statistically significant. We used SPSS software (IBM Japan) and Prism software (GraphPad Software, Inc.) for statistical analyses.
Results
Patient Characteristics
This study included 83 patients with insulo-opercular glioma, 49 males and 34 females, ages 12-71 years (mean 47.3 years) ( 
Rates of Overall Survival and Progression-Free Survival
Rates of overall survival for patients with tumors of each WHO grade are shown in Fig. 1 
Postoperative Neurological Deficits
The mortality rate was 0. Early severe deficits were observed in 12 of the 83 patients, and early deficits of any severity were observed for 22 patients (Table 2 ). Late severe deficits were observed in 6 of the 83 patients, and late deficits of any severity were observed in 14 patients. Motor dysfunction was the most frequent complication and occurred in 17 patients, followed by language dysfunction in 9 (Table 1) .
Tumor Boundaries
Retrospective analysis of preoperative MR images revealed clear tumor boundaries for 37 of the 83 tumors; gross-total resection was achieved in 28 (75.7%) of these tumors. This gross-total resection rate was significantly higher than that achieved for 9 (19.6%) of 46 tumors with ambiguous boundaries (p < 0.001). Surgical complications occurred in 7 (18.9%) of 37 patients with clear tumor boundaries; this rate did not differ significantly from that for the 15 (32.6%) of 46 patients with ambiguous tumor boundaries (p = 0.16). Tumor progression after initial surgery was observed in 21 (56.8%) of 37 patients whose tumor had clear boundaries; this rate did not differ significantly from that for the 22 (47.8%) of 46 patients with tumors with ambiguous boundaries (p = 0.42).
Tumor Enhancement by Gadolinium
Preoperative MR images were retrospectively analyzed for tumor enhancement by Gd. No enhancement was found in 50 of the 83 tumors; gross-total resection was achieved for 19 (38.0%) of these 50 nonenhanced tumors, not significantly different than the gross-total resection achieved for 18 (54.5%) of 33 enhanced tumors (p = 0.14). Surgical complications occurred in 7 (14.0%) of 50 patients with nonenhanced tumors, which was significantly fewer than the complications that occurred in 15 (45.5%) of 33 patients with enhanced tumors (p = 0.001). Tumor progression after initial surgery occurred in 16 (32.0%) of 50 patients with nonenhanced tumors, significantly lower than the tumor progression that occurred in 27 (81.8%) of 33 patients with enhanced tumors (p < 0.001).
Involvement of Lenticulostriate Arteries
Preoperative MR microangiography revealed intact lenticulostriate arteries running medial to the tumor boundaries in 49 patients, whereas the lenticulostriate arteries were involved in the tumor in the other 34 patients. Gross-total resection was achieved in 33 (67.3%) of the 49 patients with intact lenticulostriate arteries but in only 4 (11.8%) of the 34 patients with lenticulostriate arteries involved in the tumor. These latter 4 patients experienced postoperative hemiparesis and/or aphasia. The extent of surgical resection differed significantly between the 2 groups (p < 0.001). Surgical complications occurred in 10 (20.4%) of 49 patients with intact lenticulostriate arteries and 12 (35.3%) of 34 patients with involved lenticulostriate arteries (p = 0.13). The postoperative deficits were mainly language dysfunction or motor dysfunction caused by damage to other vessels, such as the long insular arteries, in patients with intact lenticulostriate arteries. Tumor progression after initial surgery was observed in 22 (44.9%) of 49 patients with intact lenticulostriate arteries and 21 (61.8%) of 34 patients with involved lenticulostriate arteries (p = 0.13).
Tumor Extension to the Superior Extremity of the Central Insular Sulcus
To identify tumor extension, we retrospectively analyzed preoperative MR images. The superior extremity of the central insular sulcus was intact in 54 of the 83 patients and involved in the tumor in 29 patients. Gross-total resection was achieved in 31 (57.4%) of the 54 patients with intact superior extremity of the central insular sulcus and in 6 (20.7%) of the 29 patients with tumors extending to the superior extremity of the central insular sulcus; the difference was significant (p = 0.001). Surgical complications occurred in 10 (18.5%) of the 54 patients with intact superior extremity of the central insular sulcus and in 12 (41.4%) of the 29 patients with tumors extending to the superior extremity of the central insular sulcus; the difference was significant (p = 0.024). Tumor progression rate after initial surgery did not differ between these 2 groups (p = 0.85).
Relationship Between Surgical Indicators and Outcomes
We confirmed the relevance between the 4 surgical indicators and outcomes, including gross-total resection, surgical complications, overall survival, and progressionfree survival. Univariate and multivariate analyses indi- cated that clear tumor boundaries were significantly associated with gross-total resection. Negative enhancement was associated with less frequency of surgical complications and longer overall survival and progression-free survival times. Intact lenticulostriate arteries were associated with gross-total resection and longer progression-free survival times. Intact superior extremity of the central insular sulcus was associated with gross-total resection. Each of the 4 surgical indicators was independently associated with at least 1 of the 4 outcomes (Table 3) .
Favorable outcome was defined as gross-total resection without neurological complications, which was achieved in 27 patients. We also assessed the relevance between surgical indicators and favorable outcomes. Multivariate analyses revealed that independent variables for favorable outcome are clear tumor boundaries, intact lenticulostriate arteries, and intact superior extremity of the central insular sulcus (Table 4) .
Integration of the 4 Surgical Indicators
The patients were divided into 5 groups (Groups 0-4) according to the number of surgical indicators present in the patient (Fig. 2) . The rate of gross-total resection was 100% for Group 4, 47.4% for Group 3, 39.3% for Group 2, 11.8% for Group 1, and 0 for Group 0 patients. Surgical complication rates were low for Group 4 (6.7%) and Group 3 (0) but higher for Group 2 (42.3%), Group 1 (35.3%), and Group 0 (50.0%) patients.
Overall survival times for patients are compared in Fig. 3 left. The overall survival rate was significantly higher for patients in Group 4 than for those in Groups 3, 2, 1, and 0 (p = 0.003). The 5-year survival rates for patients in Groups 1, 2, 3, and 4 were 22.9%, 48.4%, 36.8%, and 93.3%, respectively. No patient in Group 0 survived longer than 5 years after initial surgery. The median survival time for the patients in Group 4 was not determined, but median survival times were 23.1, 27.2, 67.3, and 56.1 months for patients in Groups 0, 1, 2, and 3, respectively.
Progression-free survival times for patients are compared in Fig. 3 right. The progression-free survival time for patients in Group 4 was significantly higher than that for patients in Groups 3, 2, 1, and 0 (p = 0.005). No significant differences were found between Groups 3, 2, 1, and 0. The 5-year progression-free rates for patients in Groups 1, 2, 3, and 4 were 22.0%, 34.1%, 28.7%, and 78.3% respectively. All patients in Group 0 experienced disease progression within 5 years after initial surgery. The median progression-free time for patients in Group 4 was not determined, but for patients in Groups 0, 1, 2, and 3, times were 10.3, 12.0, 26.6, and 51.4 months, respectively.
Illustrative Case
A 38-year-old man sought care for generalized convulsions and was transferred to another hospital. Head CT demonstrated a low-density mass lesion in the left insuloopercular region. The patient was referred to the Department of Neurosurgery at Tohoku University Graduate School of Medicine for further examination and treatment. MRI at admission demonstrated a nonenhanced tumor with a clear boundary in the left insulo-opercular region (Fig. 4A-C) . The superior extremity of the central insular sulcus was not involved in the tumor (Fig. 4B and  C) , and the lenticulostriate arteries ran along the medial tumor border without involvement. After induction of general anesthesia, the patient underwent radical resection of the tumor by use of neuronavigation, continuous motor evoked potential monitoring, and somatosensory evoked potential monitoring. During surgery, a small artery running around the superior extremity of the central insular sulcus, which may have been one of the long insular arteries, was detected and preserved (Fig. 4D) . Grosstotal resection of the tumor was performed (Fig. 4E) , and postoperative MRI demonstrated no residual lesion ( Fig.  4F and G) . The histological diagnosis was anaplastic ganglioglioma. After completion of radio-and chemotherapy, the patient was discharged with no neurological deficit.
Discussion
The goal of glioma surgery is to maximize tumor resection while minimizing surgical complications. Insuloopercular gliomas are among the most challenging tumors to treat surgically because this area is surrounded by eloquent cortices and tracts affecting motor, sensory, and language functions. Moreover, microvasculature passes through this area to supply the descending motor pathway. 10 Of note, surgically acquired motor deficits are associated with poor prognosis for patients with malignant gliomas.
14 Preserving motor function is the primary goal when resecting insulo-opercular gliomas; it helps patients maintain postoperative performance status and leads to a better prognosis. In the series reported here, gross-total resection without surgical complications was achieved for 27 patients, and involvement of the lenticulostriate arteries in the tumor was the variable most strongly associated with favorable outcome.
For patients with malignant gliomas, the extent of resection is directly correlated with survival. 5, 13 However, the greatest difficulties encountered during glioma surgery are identifying and confirming the resection border. Even with recent improvements in intraoperative neurophysiological monitoring, such as motor evoked potentials or cortical and subcortical mapping and neuronavigation, 4, 9, 18 identification of the resection border for gliomas depends on the surgeon's interpretation of visual inspection and touch sensation, and such information depends on the tumor characteristics. One critical factor is the sharpness of the tumor borders as defined on T2-weighted MR images. 6 In particular, the sharp medial tumor border, which is clearly separated from the basal ganglia, is more amenable to radical resection. In contrast, tumors with diffuse boundaries on T2-weighted MRI are less amenable to radical resection. In our series, gross-total resection was achieved for 75.7% of tumors with clear boundaries but only for 19.6% of tumors with ambiguous boundaries (p < 0.001). This result indicates that ambiguous tumor boundaries are a risk for unsatisfactory resection.
Enhancement of the tumor by gadolinium also indicates tumor character. Well-enhanced tumors are considered to be rich in vasculature. Our findings indicate that postoperative neurological deficits are more frequent among patients with well-enhanced tumors (Table 3) . One possible explanation is tumor vascularity. Fine vessels, such as the lenticulostriate arteries, pass along the tumor boundaries, and these vessels should be preserved. However, such vessels are not easy to differentiate from the tumor vessels during resection of a hypervascular tumor. Also, postoperative progression was more frequent for enhanced tumors, although the resection rate was equivocal. This finding is not surprising because tumor enhancement is considered to be an indicator of tumor malignancy and poor prognosis.
12 However, we need to keep in mind that evaluation of the extent of resection was based on the residual high-intensity lesion seen on T2-weighted MR images with nonenhanced tumors but with enhanced tumors was based on the residual enhanced lesion. Microinvasion around the enhanced lesion is another possible explanation of the difference in rate of progression.
2
Preservation of the lenticulostriate arteries is another factor that helps avoid complications during aggressive resection of insulo-opercular gliomas. Damage to the lenticulostriate arteries can be directly associated with neurological deterioration, especially motor dysfunction, so the position of the lenticulostriate arteries is quite relevant for planning radical resection of insulo-opercular gliomas. 14 We previously reported that 3.0-T 3D time-of-flight MRI can clearly enable visualization of the lenticulostriate arteries and their relationships with the tumor margins. 16 Insular gliomas with an MRI-defined tumor volume located lateral to the lenticulostriate arteries (according to stereotactic angiography) displace the lenticulostriate arteries medially by expanding the insula, have well-demarcated tumor boundaries on MR images, and can be completely resected with minimal neurological complications. 15, 16 In the study reported here, gross-total resection was achieved in 33 (67.3%) of the 49 patients with tumors with intact lenticulostriate arteries but in only 4 (11.8%) of the 34 patients with tumors involving the lenticulostriate arteries (p < 0.001). Of the latter 4 patients, 3 experienced postoperative hemiparesis; for the other patient, a lesion in the basal ganglia could be seen radiographically, but this patient did not experience motor dysfunction. This result indicated that for tumors involving the lenticulostriate arteries, total resection could not be achieved without introducing motor dysfunction. Further advances in surgical techniques and adjuvant therapy are needed.
Although the need to preserve the lenticulostriate arteries is well recognized, also affecting postoperative ischemic complications are the long insular arteries. 7 These arteries originate from the insular portion of the middle cerebral artery and supply the corona radiata and the descending motor pathway. 19 We previously reported that resection of opercular gliomas can damage the long insular arteries, resulting in ischemia at the pyramidal tract.
10
However, because the long insular arteries are perforatorlike small vessels and difficult to visualize by MRI, we chose the superior extremity of the central insular sulcus as the landmark for long insular artery distribution. The superior extremity of the central insular sulcus is located at the superior-posterior part of the insula, almost compatible with Zone II in the Berger-Sanai classification system. 17 Subcortical resection around this area can damage the long insular arteries and the arcuate fasciculus. In our series, 12 of 29 patients with tumor involving this area showed neurological deficits after surgery, and 11 of these 12 patients experienced hemiparesis, which might have resulted from damage to the long insular arteries. Conversely, of 54 patients with no tumor involving this area, 10 experienced neurological deficits. However, only 1 patient experienced hemiparesis resulting from damage to the long insular arteries; the others exhibited aphasia, hemispatial ignorance, or damage to the lenticulostriate arteries. In addition, tumor extension to this area is associated with a lesser extent of resection because of the proximity to the rolandic cortex, inferior parietal language sites, and posterior limb of the internal capsule. In the series presented here, tumor involvement of the superior extremity of the central insular sulcus was associated with unsatisfactory resection rates and more surgical complications (Table 3) .
Therefore, the following are considered to be the surgical indicators for radical resection of insulo-opercular gliomas: clear tumor boundaries, negative enhancement, intact lenticulostriate arteries, and intact superior extrem- ity of the central insular sulcus. We classified patients into 5 groups according to their number of surgical indicators (Fig. 2) . For patients in Group 4, for whom all surgical indicators were present, the rate of resection reached the maximum (gross-total resection in 100%) and the rate of surgical complications was the minimum (6.7%). Conversely, for patients in Group 0, for whom no surgical indicators were present, the rate of resection was low (gross-total resection in 0) and the rate of complications was higher (50.0%). The Kaplan-Maier survival curve indicated that the prognosis for patients in Group 4 was good and for those in Group 0 was poor (Fig. 3) ; the differences were statistically significant. Conversely, the prognosis for patients in Groups 1-3 was intermediate; the rates of overall survival and progression-free survival did not differ significantly between these groups. However, the surgical risks differ for each patient according to the specific surgical indicators present, even among patients in the same group. For example, a patient with an enhanced tumor with clear boundaries, intact lenticulostriate arteries, and intact superior extremity of the central insular sulcus was in Group 3, as was a patient with a nonenhanced tumor with clear boundaries, intact superior extremity of the central insular sulcus, and involved lenticulostriate arteries; however, the former patient was at risk for tumor progression, whereas the latter patient was at risk for incomplete resection. Neurosurgeons should be aware of the individual risks for these patients before surgery. Although meticulous follow-up and/or adjuvant radiochemotherapy should be considered, patient classification into Group 4 is considered a good indication for radical resection of insulo-opercular gliomas. Evaluation of functional mapping-guided resection of low-grade gliomas in eloquent areas showed that use of functional mapping during surgery is helpful for identifying safely resectable tumors and results in better prognosis.
1 However, this finding also implies that tumors involving the eloquent area cannot be totally removed; thus, the prognosis is poorer. Therefore, the best way to improve general outcome is to identify patients with minimal surgical risk and to achieve total resection of such tumors. We found that tumors in patients with all 4 surgical indicators can be surgically resected with minimal risks and good prognosis. We emphasize the need to select patients with minimal surgical risks and to perform total resection for such patients. The findings reported here might offer guidance for the treatment of insulo-opercular gliomas, which remain challenging to treat.
Our study has several limitations. First, the number of cases is limited. The 4 surgical indicators used in this study are not universal characteristics, and other factors such as tumor volume, WHO grade, and radio-chemosensitivity might also be associated with long-term survival. For a better understanding of the prognostic factors, experience with more cases is needed. Second, this study was conducted at a single institution. Because surgical outcome is highly dependent on the surgeon's skill, our results cannot be directly compared with those of other studies. However, patients in our series achieved a good median survival time, exceeding 2 years for the 31 patients with glioblastoma.
Conclusions
In this study, we discuss the role of patient selection for achieving good results from insulo-opercular glioma surgery. We can identify ideal candidates for surgical resection, focused on preserving motor function to maintain postoperative performance status, by using the combination of 4 surgical indicators: clear tumor boundaries, negative enhancement, intact lenticulostriate arteries, and intact superior extremity of the central insular sulcus. Radical treatment of insulo-opercular gliomas in this patient population should lead to better treatment outcomes.
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